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Background: The purpose of this study was to investigate phosphocreatine (PCr) and inorganic phosphate levels as well
as pH changes in exercising muscle at a workload of 4.5 W under progressive cuff stenoses, whereby the flow reduction
due to cuff compression was quantified by flow-sensitive magnetic resonance imaging.
Methods: By using a whole-body 1.5-T magnetic resonance scanner and an exercise bench, serial phosphorus 31 (31P)
magnetic resonance spectroscopy with a time resolution of 30 seconds was performed in 10 healthy men. Percentage
changes in PCr, inorganic phosphate (Pi), and pH were statistically evaluated in comparison with baseline. The exercise
protocol was characterized by a constant workload level of 4.5 W. Ischemic conditions were achieved by a cuff that was
placed at the upper leg. Consecutively, increments of 0, 60, 90, 120, and 150mmHgwere applied. Each increment lasted
for 3 minutes. The following rest period was 10 minutes.
Results: Blood flow increased significantly immediately after the onset of muscle exercise. No significant changes in blood
flow were detected as long as the air pressure of the pneumatic cuff was 60 to 90 mmHg. Significant reductions in blood
flow were observed immediately after inflation of the cuff to 120 and 150 mmHg. PCr passed into a steady state during
the first increment with 0mmHg and showed no substantial changes during the increment with 60, 90, and 120mmHg.
PCr hydrolysis seemed progressive during the 150-mmHg increment. Pi passed into a plateau level at the onset of exercise
and increased significantly at the increment of 150 mmHg. The pH turned into a steady state with no significant changes
during the increments up to 120 mm Hg. At 150 mm Hg, pH decreased progressively. PCr levels at the end of the
150-mm Hg increment correlated significantly and moderately with the reduction in blood flow.
Conclusions:Our study shows that the ischemic condition during constant muscle exercise is clearly characterized by PCr
and Pi kinetics, as well as by pH changes. The correlation between the degree of blood flow reduction and PCr levels in
the exercising muscle groups, which are supplied by the stenosed arteries, is the first essential of using 31P magnetic
resonance spectroscopy in the assessment of the effect of arterial stenoses on muscle function in claudicants. ( J Vasc Surg
2005;42:259-67.)Investigations of patients with intermittent claudica-
tion due to peripheral arterial disease (PAD) routinely
include physical examination with peripheral pulse palpa-
tion, ankle-brachial pressure index (ABPI), stress tests,
several imaging techniques, and the treadmill exercise test.1
The first four techniques provide information about the
hemodynamic and atherosclerotic status, whereas final
walking time or walking distance, which are limited because
of ischemic pain, assess the functional impairment of the
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doi:10.1016/j.jvs.2005.04.042muscle. Therefore, the treadmill test is the gold standard
for evaluating the clinical situation of patients with PAD
and mainly determines the therapeutic strategy.1 Neverthe-
less, one previous study pointed out a poor reproducibility
of the treadmill exercise.2 In addition, several studies have
demonstrated that 20% to 46% of patients were unable to
perform the treadmill test because of comorbidity.3,4 An-
other study showed that in 22% of patients, symptoms of
angina pectoris or dyspnea occurred during treadmill exer-
cise. These side effects were never seen in patients with
active pedal plantar flexion.5
Phosphorus 31 (31P) magnetic resonance spectroscopy
(MRS) is a noninvasive tool for investigating the high-
energy phosphate metabolism in exercising skeletal muscle
and myocardium.6-11 This technique permits the detection
of mitochondrial impairment or reductions in oxygen sup-
ply in skeletal muscle10,12 and myocardium.8,11 At the
onset of skeletal muscle exercise, phosphocreatine (PCr)
decreases until the oxygen supply is adapted to meet the
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steady state at sufficient oxygen supply.9,13,14 Under isch-
emic conditions caused by cuff inflation, PCr hydrolysis is
accelerated in the exercising muscle, and the PCr regener-
ation after the cease of exercise fails.12,15 The settings of
these studies reflect complete arterial occlusion, whereas
data of high-energy phosphate metabolism during subtotal
cuff ischemia are not available in the literature. Therefore,
the purpose of this study was to investigate the metabolic
changes in the exercising calf muscle during different de-
grees of cuff compression of the upper leg by using 31P
MRS, with quantification of flow reduction with flow-
sensitive magnetic resonance imaging (MRI).
METHODS
Equipment. The exercise bench used for the experi-
ments consisted of two independent pedals, as recently
described.9,10 One of the pedals was connected to an air
pressure system. The air pressure was smoothly adjusted by
a computer-controlled valve during the spectroscopic mea-
surements. One of the volunteer’s feet was fixed on the foot
pedal at an angle of 0° of plantar flexion and restrained at
the heel and dorsum of the foot by 3-cm-wide straps. Two
additional 3-cm-wide straps were placed above the knee
and on the lower leg to maintain the position of the calf
muscle groups on the surface coil that was integrated into
the exercise bench. The foot pedal permitted a plantar
flexion of 7 cm, thus resulting in an final angle of 21°. The
frequency of plantar flexion was measured with the help of
an air pressure transducer. The volunteer’s upper part of the
body was locked in position by two shoulder belts.
Volunteers and exercise protocol. Ten healthy men
agreed to participate in this study. The median age of the
volunteers was 27.5 years (range, 24-32 years). None was
specifically trained in sports. Informed consent was ob-
tained from all volunteers before participation in the study.
All experiments were completed in accordance with the
institutional review board’s requirements. In 10 volunteers,
19 legs were measured during different exercise sessions
with plantar flexion and progressive cuff stenosis. The
position of pneumatic cuff was at the distal half of the upper
leg, which was marked for repositioning. The volunteers
underwent 31P MRS and velocity-encoded phase-contrast
MRI of each leg during separate sessions. In addition, ABPI
measurements were performed under progressive cuff ste-
nosis during exercise and rest. Overall, each leg underwent
four separate measurement sessions. In addition, 31P MRS
was repeated in the left leg of two volunteers for reliability
determination.
During each exercise session, the same protocol was
performed: after 2 minutes at rest, the exercise protocol
commenced with a constant workload for the entire exer-
cise procedure. Each measured leg performed plantar flex-
ion 35 times per minute, given by a metronome, against an
air pressure of 1 bar, thus resulting a workload of approxi-
mately 4.5 W. After 3 minutes of muscle exercise without
any cuff compression, the air pressure of the cuff was set to
60 mm Hg and was increased with increments of 30 mmHg every 3 minutes. The maximal air pressure in the cuff
was 150 mmHg. After an increment with 150 mmHg, the
air pressure in the cuff was released to 0 mm Hg, and the
exercise was stopped. Recovery time was 10 minutes.
Phosphorus 31 MRS protocol. The spectroscopic
measurements were performed on a 1.5-T whole-body
magnetic resonance (MR) scanner (Magnetom Vision-
Symphony; Siemens, Erlangen, Germany) by using a circu-
lar polarized double-resonator surface coil that permits the
receipt of 1H resonances at 63.5 MHz and 31P resonances
at 25.8MHz. The transmitter coil had a diameter of 21 cm,
and the receiver coil had a diameter of 14 cm. A free
induction decay sequence with a repetition time of 750
milliseconds, an echo time of 1 millisecond, a flip angle of
90°, 40 averages, and an acquisition time of 30 seconds was
used. The first four averages of each free induction decay
measurement were automatically dropped out. The nuclear
Overhauser enhancement (NOE) was applied to all spec-
troscopic measurements. (See appendix).
Velocity-encoded phase-contrast MRI. With use of
a 1.5-T whole-body MR scanner (Magnetom Vision-
Symphony), serial two-dimensional gradient echo se-
quences (fast imaging with steady-state precession) with
flow velocity encoding in slice direction and a time resolu-
tion of 60 seconds were performed.16 The following se-
quence parameters were used: a repetition time of 52
milliseconds, an echo time of 4 milliseconds, a matrix of
192  192 pixels, a field of view of 180 mm, and a slice
thickness of 8 mm, resulting in an acquisition time of 53
seconds. The phase-contrast MRI measurements were ret-
rospectively triggered on plethysmography and were posi-
tioned at the distal superficial femoral artery, corresponding
to the middle of the cuff. Thirty-two phases were calculated
for each measurement. (See appendix).
ABPI determination. A sphygmomanometer cuff
above the ankle with a Doppler probe over the posterior
tibial artery was used to detect the return of blood flow after
cuff deflation and was standardized against the highest
brachial pressure. The measurements were performed for
each leg separately during the exercise and the progressive
cuff stenosis protocol as described previously. During the
exercise session, ABPI was determined at rest and the end
of each increment. During a second session without exer-
cise, the ABPI measurements were performed at 0, 60, 90,
120, and 150 mm Hg cuff stenosis corresponding to the
cuff-inflation protocol of the exercise session.
Data analysis. The spectral data were processed by
using the commercial software package provided by the
manufacturer (Siemens). The peak areas of PCr and inor-
ganic phosphate (Pi) were fitted in the frequency domain.
In addition, the positions of the peaks of PCr and Pi were
determined. Because absolute concentrations were not cal-
culated, the integrals of the metabolite peaks were not
corrected for partial saturation andNOE effects.Moreover,
we assumed that the T1 relaxation times of the metabolites
were constant throughout each 31P MRS session.17 The
changes in the metabolites were determined as percentage
changes in relation to the rest integral of each metabolite.
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of Pi according to the equation9,10
pH 6.75 log(  3.27) ⁄ (5.69 ),
where  is the chemical shift of the Pi peak in parts per
million relative to PCr.
The phase-contrastMRImeasurements were analyzed by
using the commercial software package Argus (Siemens).
During the analyzing procedure, the area of the vessel was
manually segmented on the magnitude image of each calcu-
lated phase. Subsequently, the blood flow was determined by
Argus. We evaluated the reduction in blood flow during
exercise at the end of the 150 mmHg increment by defining
a flow quotient, which was given by the percentage reduction
in blood flowduring the lastmeasurement of the 150mmHg
increment in relation to themean flowduring the first exercise
increment without cuff compression.
Statistical analysis. The data were tabulated in SPSS
11.0 for Windows (SPSS Inc, Chicago, Ill). Because the
number of volunteers in this study was relatively low,
nonparametric tests were used for further statistical evalu-
ation. The significance level was set at .05. The presence
of significant effects in the time course of the PCr and Pi
levels, as well as pH, blood flow, and ABPI, was evaluated
with the help of the Friedman test. Overall significant
effects were further tested by using post hoc Wilcoxon rank
tests. Because of multiple testing, the significance level was
corrected to.001 for the spectroscopic measurements, to
.002 for the blood flow measurements, and to.008 for
the ABPI measurements. Metabolite levels, pH, blood
flow, and ABPI were expressed as median and range.
The intraclass correlation coefficient (ICC), using a
Fig 1. The boxplots show the changes over time in bl
median, and the box represents the range between minim
hoc Wilcoxon rank test.one-way random-effects analysis of variance model, wasdetermined for the PCr changes over time of all measured
legs to show the intersubject variance of PCr changes and
for the repeated PCr measurements in the left leg of two
volunteers to evaluate reproducibility.18 An ICC of 0.35 to
0.49 was interpreted empirically as low, 0.5 to 0.79 was
interpreted as moderate, and 0.8 or greater was interpreted
as high.
The last PCr level of each 150 mm Hg increment was
correlated with the flow quotient, as described previously,
by using the Spearman rank correlation coefficient r, which
was calculated separately for each leg. An r value of 0.35 to
0.49 was interpreted empirically as low, 0.5 to 0.79 was
interpreted as moderate, and 0.8 or greater was interpreted
as high. Each coefficient r was tested for significance by
SPSS.
RESULTS
Blood flow time course. During exercise and incre-
mental inflation of the pneumatic cuff, significant effects
over time were revealed for blood flow by using the Fried-
man test and post hoc Wilcoxon rank tests. As shown in Fig
1, blood flow increased significantly immediately after the
onset of muscle exercise. No significant changes in blood
flow were detected when the air pressure of the pneumatic
cuff was set to 60 and 90 mmHg. Significant reductions in
blood flow were observed immediately after inflation of the
cuff to 120 and 150 mm Hg. The blood flow increased
significantly after decompression at the end of exercise,
followed by a continuous decrease during the recovery
phase. At the end of every recovery phase, the blood flow
was still above the resting value. A complete venous com-
pression on phase-contrast MR was observed at 90 mmHg
flow. The white bar within the boxplots represents the
nd maximum. *Significant effects as assessed by the postood
um aof cuff compression. All volunteers experienced claudica-
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ment. However, each volunteer was highly motivated and
continued the exercise protocol.
ABPI time course. The Friedman test revealed an
overall significant effect for the time course of ABPI mea-
surements during rest with progressive cuff stenosis (P 
.001) and during exercise with progressive cuff stenosis (P
 .001). At rest, a significant reduction in ABPI was
detected with inflation of the cuff from 120 to 150mmHg,
as shown in the Table (P  .001). During the exercise
protocol with increasing cuff stenosis, we observed signifi-
cant decreases in ABPI from the 90- to 120-mm Hg
increment (P  .001) and from the 120- to 150-mm Hg
increment (P  .001).
PCr time course. The ICC of the repeated PCr mea-
surements in the left leg of two volunteers during the
exercise protocol with increasing cuff stenoses was 0.98 and
0.95. As shown in Fig 2, PCr decreased significantly imme-
diately after the onset of muscle exercise. After the initial
decrease, it turned into a steady state. No significant
changes of PCr were observed when the air pressure of the
cuff was set from 0 to 60 mm Hg and from 60 to 90 mm
Hg. One significant decrease in PCr was detected at the
beginning of the 120-mm Hg increment, followed by
nonsignificant changes. During the 150-mm Hg incre-
ment, PCr decreased progressively without a plateau phase.
At the end of exercise and release of cuff compression, PCr
Fig 2. The boxplots show the changes over time in phos
median, and the box represents the range between minim
hoc Wilcoxon rank test.
Table. Ankle-brachial pressure indices (ABPI) for all degr
4.5 W
ABPI Baseline 0 mm Hg 60 mm H
Rest 1.15 (1.03-1.4) — 1.14 (1-1.4
Exercise 1.15 (1-1.25) 1.1 (0.93-1.34) 1.12 (0.93-
Data are median (range).increased significantly and turned into a steady-state phase.As shown in Fig 3, PCr levels at the end of the 150-mmHg
increment correlated significantly and moderately with the
reduction in blood flow, as given by the flow quotient,
which is defined by the percentage of residual flow at the
end of the 150-mm Hg increment compared with the first
exercise increment without cuff compression (r 0.670; P
 .002). Furthermore, the ICC of all measured legs was
0.99.
Pi time course. In line with the findings for the time
course of PCr, Pi showed a significant increase immediately
after the onset of exercise and turned into a steady state
without any significant changes during the 60-, 90-, and
the 120-mm Hg increments (Fig 4). One significant in-
crease was detected during the 150-mm Hg increment.
After the initial significant increase of Pi immediately after
the end point of exercise, it decreased significantly and
reached a steady state with an undershoot compared with
the baseline measurement.
pH time course. As outlined in Fig 5, the pH showed
a significant transient increase followed by a significant
decrease at the onset of muscle exercise. No significant
changes in pH were detected at 60, 90, or 120 mm Hg.
One significant decrease in pH was observed when the cuff
was set from 120 to 150 mm Hg. Furthermore, the pH
showed a significant decrease after the exercise was stopped
and the air pressure of the cuff was released to 0 mm Hg.
reatine. The white bar within the boxplots represents the
nd maximum. *Significant effects as assessed by the post
f cuff stenosis during rest and plantar flexion exercise at
90 mm Hg 120 mm Hg 150 mm Hg
1.12 (1-1.3) 1.1 (0.9-1.3) 0.95 (0.8-1.03)
1.04 (0.9-1.28) 0.95 (0.77-1.15) 0.74 (0.34-1.03)phoc
um aees o
g
)
1.31)After this decrease, the pH recovered.
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Corresponding to several previous 31P MRS studies, we
assumed that the T1 saturation and NOE factor remained
constant for each resonance throughout each 31P MRS
session and normalized PCr and Pi to the rest value or to
the steady-state level of the preceding increment.10,17,19
Therefore, we did not correct the spectral data for T1
saturation and NOE because we were interested only in the
time course of each normalized metabolite but not in
ratios. Furthermore, we used serial free induction decay
sequences for 31P MRS without any spatial differentiation,
meaning that we measured this portion of lower leg muscle
tissue, which was covered by our coil. Consequently, we
acquired spectra from the triceps surae, whereby it is known
Fig 3. The regression plot shows the correlation betwe
increment and the flow quotient. The flow quotient was g
measurement of the 150-mmHg increment in relation to
compression.
Fig 4. The boxplots show the changes over time in inorg
the median, and the box represents the range between m
post hoc Wilcoxon rank test.that the gastrocnemius is more active during plantar flexionat full knee extension compared with the soleus.20 To prove
the reliability of our model, we performed a repeated 31P
MRS session in the left limb of two volunteers and revealed
an excellent ICC. Furthermore, the high ICC of the PCr
time courses of all measured legs indicated an excellent
concordance of PCr changes during constant exercise with
increasing cuff stenoses.
It is well known that PCr decreases and Pi increases at
the onset of muscle exercise9,10; this is caused by PCr
hydrolysis during the cytosolic creatine kinase reaction that
transfers a phosphate from PCr to adenosine diphos-
phate.21 Adenosine diphosphate and Pi are generated dur-
ing the hydrolysis of adenosine triphosphate (ATP) at the
adenosine triphosphatase of the contracting myofibrils.7
e last phosphocreatine (PCr) level of each 150-mm Hg
by the percentage reduction in blood flow during the last
ean flow during the first exercise increment without cuff
phosphate. The white bar within the boxplots represents
m and maximum. *Significant effects as assessed by theen th
iven
themanic
inimuCreatine, the breakdown product of PCr, moves to the
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known as the creatine shuttle model.19,22 The PCr hydro-
lysis passes into a steady state when the oxygen supply is
improved and the oxidative metabolism is adapted.7,13,14
Several previous 31P MRS studies have shown that PCr
breakdown turns into a plateau phase during low and
moderate work intensities below the so-called lactate
threshold.13,14,23 Recent studies have shown that PCr hy-
drolysis also reaches a steady state during heavy work rates
above the lactate threshold and that the PCr steady-state
level correlates with the workload.9,10 The PCr kinetics as
measured by 31P MRS correspond to the skeletal and
pulmonary oxygen consumption per unit time kinetics and
depend on adjustment of the oxidative metabolism during
metabolic transitions, which reflect oxygen supply and mi-
tochondrial function.24
Several investigations have performed 31P MRS mea-
surements during complete blood flow occlusion of the leg
and the forearm.12,15,25 The Pi is found in a high and a low
pH peak under ramp incremental exercise of calf flexion
with a blood flow occlusion at 280 mm Hg with a tourni-
quet. The appearance of an additional low Pi peak has been
attributed to fast-twitch muscle fiber recruitment.15 No
PCr resynthesis was observed when occlusion was main-
tained after exercise, thus suggesting that ATP synthesis
was limited because of the lack of oxygen.15 In another
study, the authors took advantage of the fact that during
ischemic exercise, ATP is supplied only by glycogenolysis
and net splitting of PCr and that proton balance involves
only glycolytic lactate/H generation and net H con-
sumption by PCr splitting, so that it was possible to exam-
Fig 5. The boxplots show the changes over time in pH. The
white bar within the boxplots represents the median, and the box
represents the range between minimum and maximum. *Signifi-
cant effects as assessed by the post hoc Wilcoxon rank test.ine the metabolic regulation under ischemic conditions.Both studies provide essential information about high-
energy phosphate metabolism of exercising muscle under
complete cuff ischemia. Another study has described a high
correlation between near-infrared continuous wave spec-
troscopy and 31P MRS measurement during cuff isch-
emia.25
In contrast to the above-mentioned studies, our 31P
MRS study was performed under different degrees of in-
complete blood flow occlusion, which were defined by
ABPI and noninvasive blood flow measurement with the
help of phase-contrast MRI. The ABPIs permitted evalua-
tion of the relevance of the produced stenoses for hemody-
namics and helped, therefore, to translate our model to a
clinical scenario. Resting ABPIs at each degree of cuff
compression showed no significant hemodynamic changes
before the 150-mm Hg increment, whereas during exer-
cise, an ABPI reduction was also detected at 120mmHg of
cuff compression. Therefore, the cuff stenosis at 120 mm
Hg was subclinical at rest and showed hemodynamic sig-
nificance under exercise conditions. In accordance with our
findings, Young et al26 have shown that the hemodynamic
significance of an arterial stenosis is a function not only of
the percentage stenosis, but also of the flow velocity across
the lesion.
Blood flow reduction due to cuff stenosis was addition-
ally quantified by velocity-encoded phase-contrast MRI. As
shown in a recent study, MRI measurements can be used as
a noninvasive method to determine blood flow volume in
the arteries of the leg.27 It is well documented in the
literature that at the onset of dynamic skeletal muscle
contractions, the muscle blood flow increases as an adapta-
tion to the increasedmetabolic demand of the activemuscle
and turns into a steady state during constant exercise work-
load.28,29 In accordance with the literature, blood flow
increased immediately after the onset of work and turned
into a steady state. In none of the measured legs did blood
flow stop because of cuff compression at any level of air
pressure. Cuff compression of the thigh during exercise at
60 and 90 mm Hg had no significant influence on blood
flow in the superficial femoral artery, whereas significant
reductions in blood flow were detected during the 120-
and 150-mm Hg increments. The observation of a com-
plete venous occlusion at 90 mm Hg of cuff compression
did not lead to any significant spectroscopic changes.
Therefore, one can speculate that the effect of venous
hemodynamics is negligible.
As expected by the lack of significant changes in blood
flow during the 60- and 90 mmHg increment, PCr hydro-
lysis showed a plateau phase without any significant effects.
The behavior of PCr hydrolysis accords with the findings of
numerous previous 31PMRS studies of exercisingmuscle at
moderate intensities. These studies have shown that PCr
hydrolysis passes into a steady state after an initial decrease,
when the oxygen supply is adapted to the increase in
workload.9,10,30 The work rate at 4.5 W for one leg, which
was used in this exercise protocol, was considered medium
or moderate by previous studies and is the maximum work
rate without lactate production or changes in intracellular
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intracellular or lactate threshold.13,23 Therefore, the extent
of PCr hydrolysis below the lactate threshold reflects the
oxygen deficit and is the mirror image of oxygen consump-
tion kinetics of the exercising muscle.14 Consequently, the
steady state of PCr hydrolysis remains stable until the
workload or oxygen supply is changed. During the
120-mm Hg increment, we observed a significant decrease
in blood flow, which was accompanied by an initial signif-
icant PCr decrease during the first 30 seconds, followed
again by a plateau phase. During the 150-mm Hg incre-
ment, the blood flow was clearly reduced, resulting in a
progressive PCr decrease without any plateau phase. The
time course of PCr indicates that the blood flow reduction
during the 120-mmHg increment led to a transient leak in
the oxygen supply of the exercising muscle and was com-
pensated thereafter so that PCr turned into a steady state
until the beginning of the next increment. It is conceivable
that compensation of blood flow to the limb was based on
systemic circulation adaptation such as increasing heart rate
and blood pressure.
The Pi levels, which were almost a mirror image of PCr
kinetics, increased after the onset of muscle exercise and
turned into a steady state. During the 150-mm Hg incre-
ment, the Pi increased significantly. Increased Pi has been
suspected of playing a major role in the early fatigue of
single fast-twitch fibers.9,10,31 Several previous studies have
demonstrated that the recovery of Pi is characterized by an
undershoot.6,9,10,32 This phenomenon, which was ob-
served in this study as well, was first described by Taylor et
al6 and was discussed as a result of intracellular redistribu-
tion of Pi into different cell compartments.
We observed a transient increase in pH based on net
H consumption by PCr splitting at the onset of muscle
exercise. This initial time course of the pH is described in
the literature as early alkalization and a biphasic pH re-
sponse.9,10,30 After the transient increase, the pH turned
into a steady state during the 60-, 90-, and 120-mm Hg
increments, thus indicating sufficient oxygen supply of the
exercising muscle below the lactate threshold.7,14,24 How-
ever, the time course of the pH and the PCr during 150
mm Hg of cuff compression referred to conditions above
the lactate threshold; this led to one significant decrease in
pH with a further decreasing tendency and progressive PCr
hydrolysis. Therefore, blood flow reduction due to cuff
stenosis during the 150-mm Hg increment apparently led
to an imbalance between oxygen demand and supply and to
a transient supply of ATP by anaerobic glycolysis. We
observed the lowest pH values during the early recovery
phase. Similar observations were reported not only in other
31PMRS investigations, but were also in another study that
used a microdialysis technique combined with a pH-sensi-
tive fluorescent. The phenomenon is explained by the
generation of H  during PCr resynthesis.9,10,33-35
The main finding of this study was the significant
correlation between blood flow reduction due to the
150-mm Hg cuff stenosis, given as flow quotient in this
report, and the PCr levels at the end of the 150-mm Hgincrement. In our opinion, a correlation between the de-
gree of blood flow reduction and PCr levels in the exercis-
ingmuscle groups that are supplied by the stenosed artery is
the first essential of using 31P MRS in the assessment of the
effect of arterial stenosis on muscle function in claudicants.
The surgeon who evaluates PAD should be aware of the
physiologic effects that a lesion produces. A number of
useful physiologic tests, such as ankle and toe pressure
measurements, ABPI, segmental plethysmography, and
stress testing, are available.36-41 Those tests give essential
information about the influence of arterial stenoses on the
hemodynamics of blood flow. However, the degree of
muscle function impairment due to blood flow reduction
cannot directly be derived from the results of physiologic
tests. Even walking time and distance, measured during
standardized exercise protocols, tend to correlate poorly
with objective hemodynamic measurements.41
There are a number of clinical problems that cannot be
resolved easily. Patients with demonstrable arterial disease
may have concomitant orthopedic or neurologic problems
that lead to pseudoclaudication.42 Investigation of those
patients is time consuming and sometimes inconclusive.42
Therefore, there is a demand for diagnostic methods that
allow measurement of the severity of the impairment of
muscle function due to arterial stenosis.
Our study suggests that 31P MRS is an objective
method for detecting the quantitative dimension of the
influence of arterial stenosis on muscle high-energy phos-
phate metabolism and, thus, on muscle function. There-
fore, it seems that future 31P MRS measurements will help
the surgeon to determine, in special cases, whether the
influence of an arteriosclerotic arterial lesion on muscle
function is severe enough to warrant invasive intervention
or surgical treatment. Until then, studies investigating skel-
etal muscle high-energy phosphate metabolism in patients
with PAD are necessary to standardize the method.
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Appendix
Velocity-encoded phase-contrast MRI. Changes in
the MR signal due to motion were first described by
Hahn.43 Protons moving in a magnetic field gradient show
a change in precession angle—the so-called phase shift. The
total amount of phase shift increases quadratically with
time. In phase-contrast MRI, this quadratic evolution, in
combination with special flow velocity-encoding gradients,
is used to discriminate moving from stationary protons.
The flow velocity can be quantified by subtracting the
JOURNAL OF VASCULAR SURGERY
Volume 42, Number 2 Greiner et al 267baseline MR signal phase from the phase acquired with the
help of velocity-encoding gradients.44
Usually, two-dimensional gradient-echo sequences are
used for quantitative flow velocity measurements, whereby
the velocity-encoding gradients are applied in flow direc-
tion.16 The slice is oriented perpendicular to the flow so that
the diameter of the measured vessel and its changes can be
determined on these slices. In this study, a two-dimensional
fast imaging with steady-state precession sequence and the
commercially available flow quantification package Argus
were used for velocity-encoded phase-contrast MRI, as
implemented in the Magnetom VisionSymphony system.
Furthermore, retrospective gating on plethysmography was
necessary to visualize pulsatile flow. Many clinical and
experimental MR studies have proven the accuracy of
velocity-encoded phase-contrast MRI.45
Phosphorus 31 magnetic resonance spectroscopy.
Soon after the discovery of the effect of nuclear MR in
1945, chemical shifts and spin-spin couplings were de-
tected, and these led to the invention of the nuclear MR
spectrometer for investigation of stereochemistry.46 MRS
is based on the effect of chemical shift, which depends onposition in the molecule. The extent of chemical shift,
which is usually expressed as parts per million, is specific for
each molecule and results in a peak at a typical position in
the MR spectra. The height of the peak depends on the
number of measured molecules. In MR spectra, two classes
of spins may be readily identified: spins without active
couplings and spins with active couplings.47
Phosphorus 31 MRS was established in the early
1980s for the metabolic investigation of muscle disor-
ders.48 The signals are usually sampled in the form of free
induction of decay composed of multiple frequencies
and processed by Fourier transformation into the differ-
ent peaks. Spectral analysis is performed by peak fitting of
integration. In the simplest type of MR, a surface coil is
placed next to the muscle, and the coil size and position
define the measured muscle volume, as in this study. To
maximize the biochemical information about the energy
state of the muscle, spectral data are commonly acquired
during a typical rest/exercise/recovery protocol. Fur-
thermore, the intramuscular pH can be calculated from
the chemical shift between PCr and Pi, as verified bythe chemical shielding of the excited nucleus/spin by its experimental 31P MRS studies.48,49
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